Abstract The accumulation of plastics in the environment is raising great concerns with respect to long-term environmental, economic and waste management problems. The aim of the present research was to investigate the biodegradability of starch blended polyvinyl chloride films in soil burial and controlled laboratory experiments using selective fungal isolates. Clear surface aberrations as color change and minor disintegration in polyvinyl chloride films were observed after 90 days and later confirmed through scanning electron microscopy. The fungal strains showing prominent growth and adherence on plastic films were isolated. One of the strains showing maximum activity was selected and identified as Phanerochaete chrysosporium PV1 by rDNA sequencing. Fourier transform infrared spectroscopy and nuclear magnetic resonance analyses indicated considerable structural changes and transformation in films in terms of appearance of new peaks at 3,077 cm -1 (corresponding to alkenes) and decrease in intensity of peaks at 2,911 cm -1 (C-H stretching). It was supported with a significant decrease in the molecular weight of polymer film from 80,275 to 78,866 Da (treated) through Gel permeation chromatography in shake flask experiment. Moreover, the biodegradation of starch blended polyvinyl chloride films was confirmed through release of higher CO 2 (7.85 g/l) compared to control (2.32 g/l) in respirometric method. So fungal strain P. chrysosporium PV1 has great potential for use in bioremediation of plastic waste.
Introduction
Polyvinyl chloride (PVC) is the third most widely produced plastic due to its wide range of application and its durability, however, it is very rigid and persistent polymer (UNEP 2009) with extremely slow rate of degradation in the environment (Shah et al. 2008a, b) . Mostly physical and chemical methods are used for the degradation and recycling of the PVC. Besides, during reduction in size of the PVC containing waste, it produces gases like CO 2 , furans and dioxins which not only increase the environmental pollution but also reported as carcinogenic and causes diseases of the skin and the respiratory tract (US EPA 2005) . Various plasticizers including di-octyl adipate (DOA), di-octyl phthalate (DOP) and Bis(2-ethylhexyl) phthalate (DEHP) are usually added to PVC. Addition of these plasticizers improves the flexibility, processability and extensibility of the PVC products (Wojciechowska 2012) . Besides, it facilitates microbial growth when PVC products are disposed into the environment (Nair et al. 2009 ), thereby solving the issue of environmental pollution (Webb et al. 1999; Gumargalieva et al. 1999; Wojciechowska 2012) .
Biodegradation is a process by which microorganisms transform or break down the structure of chemicals compounds through metabolic or enzymatic action. Currently, both bacteria and fungi have considerably been labeled for their ability to degrade plastics (Gu et al. 2000) . Most biodegradation studies of plastics have been focused on polyurethanes (Kay et al. 1991; Barratt et al. 2003) , bacterial polyesters (Mergaert et al. 1996) and nylon (Deguchi et al. 1997) ; however, few studies have also been reported on the biodegradation of pPVC degradation in situ (Upsher and Roseblade 1984; Webb et al. 2000; Sabev et al. 2006) . Partial degradation of PVC by white rot fungus under high oxygenic condition is also reported (Kirbas et al. 1999) . The polymer degradation can be enhanced by the addition of certain other additives including cellulose, plasticizers, etc. (Kaczmarek and Bajer 2007; Ali et al. 2009 ). It has also been reported that starch can be used in the composite material to increase the degradability of the synthetic polymer (Bikiaris et al. 1999) . Polyvinyl alcohol (PVA) has excellent compatibility with starch and such blends have been developed and tested for biodegradable packaging applications and appear to have potential for use (Tudorachi et al. 2000) . Adhesion of Aureobasidium pullulans has been shown to be dependent on the chemical composition of the PVC and more precisely related to the presence of plasticizers such as DOA and DOP (Webb et al. 2000) . Generally, a single technique has never been effective in knowing the comprehensive degradation of plastic, so a combination of different techniques should always been used to assess the biodegradation of plastics. Scanning electron microscopy has been one of the basic tools to assess the physical changes and deterioration within the plastics. However, detailed chemical transformations have been effectively proved by techniques like FTIR, NMR and GPC (Kaczmarek and Bajer 2007) .
Owing to the wide range of applications for pPVC, a detailed understanding of degradation process and the role of potential microorganisms are of much importance in the environmental perspective. Therefore, the current research work was designed to isolate microorganisms from the soil with the potential to adhere and degrade polyvinyl chloride films blended with starch. Besides, this investigation involves applications of a variety of analytical techniques like SEM, FTIR, GPC and NMR which could really help in establishing better understanding on the biodegradation of starch blended PVC by selective microorganisms.
Materials and methods

Casting of starch blended polyvinyl chloride films
Casting of polyvinyl chloride films blended with starch were carried out in petri plates by taking PVC and starch 2 % (w/v) in chloroform. The mixture was sonicated for 2 h in an ultrasonic water bath (35 kHz, 285 W), and left overnight to dry. The films (6 9 2.5 cm) (0.05-0.07 mm thickness) were sterilized by dipping into 70 % ethanol for 20 min (Calil et al. 2006) .
Isolation screening and identification of microorganisms
Starch blended PVC film degrading microorganisms were screened out in soil burial experiment and shake flask experiment. Thin films of starch blended PVC film were buried in the garden soil inoculated with the sewage sludge for a period of 3 months. The films were taken out and shifted to the Sabouraud dextrose agar plates and incubated at 30°C. The fungal isolates were inoculated in 150 ml of mineral salt media (MSM) in conical flasks with starch blended PVC films to each flask except the control. All the treatments were incubated in an incubator shaker at 150 rpm for 12 weeks at 30°C. Biomass quantification was performed for the screening and selection of the fungal isolates having potential to adhere and degrade starch blended PVC films in shake flask experiment. The fungal isolates from soil were cultured in 250 ml Pyrex flask containing 100 mL MSM, with starch blended PVC film as a sole carbon source, in shaking incubator at 155 rpm at 30°C. The quantification was done on weekly basis (Christensen et al. 1995) .
Fungal isolates were identified by PCR amplification and partial sequencing of the internally transcribed spacer (ITS) regions of 5.8S rRNA, 18S and 28S rRNA using the fungal universal primers ITS-1 5 0 -TCCGTAGGT GAACCTGCGG-3 0 and ITS-4 5 0 -TCCTCCGCTTATTG ATATGC-3 0 as previously described (Webb et al. 1999) . PCR was performed using 50 ll of reaction mixture containing *100 ng of genomic DNA (20 ng ll -1 ). The final concentration of components in the PCR was 19 PCR buffer (160 mM (NH 4 )2SO 4 , 670 mM Tris-HCl, pH 8.8 and 0.1 % stabilizer), 1.5 mM MgCl 2 , 0.02 mM of ITS-1 and ITS-4 primers (Eurofins, UK), 0.2 mM of dNTPs (Bioline, UK) and 0.5 U of Taq DNA polymerase (Bioline, UK). The PCR was carried out under the following conditions: denaturation at 95°C for 1 min, followed by annealing at 55°C for 1 min for 40 cycles and finally extension at 72°C for 1 min. Sequence data were aligned with sequences available at GenBank databases (Ali et al. 2012 ).
Analysis of biodegradation
The biodegradability of the starch blended PVC films in soil burial experiment and shake flask experiment was determined by SEM (Cambridge instruments, Cambridge, UK) to observe the surface changes. The change in the molecular weight of starch blended PVC films was determined by GPC made by Viscotek GPC max VE 2001 (Texas) equipped with the refractometric (Shoedex RI-71) and viscometric (Viscotek, Model T50A) detectors. Two connected columns (GMHHR-MS type, TSK-GEL) were used with tetrahydrofuran as mobile phase. The calibration was performed using the polystyrene standard. Fourier transform infrared spectroscopy (FTX 3000 MX Bio Rad, USA) (detection limit 400-4,500 cm -1 ) was used to observe changes in the chemical structure of the polymer. The starch blended PVC films were dissolved in the solvent (Chloroform CDCl 3 ) and then they were analyzed in the Bruker 400MHZ NMR spectrophotometer. The biodegradation of the polymers results in the evolution of CO 2 (by the oxidation of the polymer chains). The carbon dioxide evolved was determined gravimetrically by Sturm test (Muller et al. 1992; Shah et al. 2008a, b) . 
Results and discussion
Visual observation
Soil burial experiments were carried out to check the biodegradability of starch blended PVC films under terrestrial conditions. In these experiments, clear signs of surface aberrations were noticed in terms of color change and alterations in the physical structure of the starch blended PVC films (Fig. 1) . Similar experimental set up was run previously in different studies where they reported considerably changes in the physical properties of the treated pPVC films during soil burial conditions (Ohtaki et al. 1998 ). These changes were apparently linked with microbial growth on film (biofilm), specifically due to fungal hyphae (Tuominen et al. 2002; Sabev et al. 2006; Shah et al. 2008a, b) .
Surface examination of polyvinyl chloride starch blended films through SEM showed erosions and extensive roughening on the top surface in comparison to control (untreated PVC starch blend film) (Fig. 2) . The Cracks in the films were infested with microbial growth. Such colonization and adhesion by microorganisms are a fundamental prerequisite for biodegradation of the polymer. The polymer films showed clear surface erosion, cracks, holes and initiation points, indicating that the polymer has become brittle due to Phanerochaete chrysosporium PV1 activity in shake flask (150 rpm) experiments for 12 weeks at 30°C (Fig. 2) . These observations are substantially in line with the observations made in other studies where they treated cellulose blended PVC with cellulolytic fungi like Trichocladium sp. and Chaetomium sp. (Calil et al. 2006; Kaczmarek and Bajer 2007) . de Campos et al. (2011) also reported the PVC film in the soil showed some cavities, cracks, and fungal hyphae adhering to its surface. Incorporation of starch into plastics not only changed its mechanical properties, but also made the plastic susceptible to microorganism (Fanta et al. 1992; Imam et al. 1995; Kirbas et al. 1999 ).
Screening and identification of fungal isolate
The fungal biomass was quantified on a weekly basis during 7-week incubation period in shake flask experiments. The maximum growth, i.e., 0.316 g/100 ml, was observed in case of fungal strain PV1, followed by PV3 (0.18 g/100 ml), PV2 (0.176 g/100 ml) and PV4 (0.130 g/ 100 ml) (Fig. 3) . So, the fungal strain PV1 was selected for the further experiments on the basis of its growth and adhering capability. The fungal strain PV1 was identified by rDNA sequencing. Sequences were compared to sequences held at the NCBI using FASTA and on the basis of its 99 % taxonomic homology it is identified as P. chrysosporium PV1 Accession no. EU543990 (Ali et al. 2012) . Webb et al. (2000) employed similar method of rDNA sequencing for identification purpose for the selected microorganism capable of clearing plasticizer agar and recovered in high numbers.
Analysis by Sturm test
Sturm test (ASTM D5209-91) was commonly employed for evaluation of the biodegradability of polymer materials. Fig. 3 The growth of fungal isolates in mineral salt medium with PVC starch blends as sole carbon source Fig. 4 Dry cell mass and gravimetric analysis of CO 2 evolution during breakdown of starch blended polyvinyl chloride films treated with Phanerochaete chrysosporium PV1 determined through Sturm test after 4 weeks In this test, production of CO 2 is mainly taken as indicator of polymer biodegradation in a medium devoid of any additional carbon source (Muller et al. 1992) . During Sturm test which was carried out for 30 days, the total production of CO 2 with the PVC starch blend film was 7.85 g/l, whereas it was 2.32 g/l in the control (without plastic) in MSM medium with no carbon source (Fig. 4) . The production of CO 2 in the control treatment is basically linked with oxidative respiration. Moreover, it was significantly related with growth of the P. chrysosporium PV1 which was higher in the experimental compared to control flask where no carbon source was employed in the test. The production of CO 2 clearly indicated biodegradation activity within the PVC film. Comparatively, the production of higher dry biomass, i.e. of P. chrysosporium PV1, was also higher than control (0.035 mg/ml) (Fig. 4) (Shah et al. 2008a, b) .
Analysis by FTIR
FTIR spectra of polyvinyl chloride recorded in Absorbance mode. The decrease in intensity of the peak at 2,911 cm -1 (corresponding to alkanes C-H stretching for PVC) and appearance of new peak at 3,077 cm -1 (corresponding to alkenes = C-H stretch for PVC) observed in the treated films, confirming the change in the molecular structure of the PVC, also the absorbance of peaks at 2,655-2,529 cm -1 considerably decreased. A shifting and decrease in the sharpness of the peak 1,259 cm -1 (attributed to C-H) observed in treated film. The increase in the sharpness of the peaks also observed in 850-550 cm -1 (attributed to C-Cl for PVC) and 1,330 cm -1 (CH 2 deformation mode) (Marcilla et al. 2008) . In addition, a sharp peak appeared at 1,587 cm -1 which was absent in the control treatment (Fig. 5) . A substantial reduction in intensity of the carbonyl peak occurring at 1,697 cm -1 indicates the degradation of surface starch, which is previously reported (Dave et al. 1997 ). According to Kaczmarek and Bajer (2007) , the intensity of bands present in the spectra decreases, and also the band at 1,430 cm -1 (C-H deformation mode) was absent in DOP which is an evidence of surface decomposition. There were some changes in FTIR spectra of cellulose blended PVC films, a peak at 1,956 and 2,358 cm -1 (corresponding to O-H) disappeared in the treated sample and a new peak appeared at 3,361 cm -1 compared to control (Volke-Sepulveda et al. 2002; Ali et al. 2009; Atiq et al. 2010) . These changes in our results clearly indicated a significant transformation in the structure of the PVC blended films due to fungal degradation activity.
Analysis by GPC
The GPC results indicated that isolated fungal strain P. chrysosporium PV1 inflicted maximum decrease in the molecular weight (Mw) of starch blended PVC film (78,866 Da) than the untreated control (80, 275 Da) . The molecular dispersity (1.731) was also decreased in treated samples as compared to control (untreated starch Fig. 6 Gel permeation chromatography analysis of the starch blended polyvinyl chloride films treated with Phanerochaete chrysosporium PV1 blended PVC film) (1.991) (Fig. 6) . It has been reported that the degradation of PVC by the chain scission reaction and by cross linking resulted either a decrease or increase in its molecular weight (Torikai and Hasegawa 1999) . GPC results confirmed randomized degradation of PVC as earlier reported (Andrea et al. 2002) . Kaczmarek and Bajer (2007) also reported the weight loss of cellulose blended PVC films through GPC due to biodegradation activity.
Analysis by NMR
Comparing the 13 C NMR spectra of the control sample of the starch blended PVC film and treated sample of the starch blended PVC film during shake flask experiments with P. chrysosporium PV1 clearly showed a chemical shifting and appearance of the new peak signals 29.85, 41.58, and 46.05 ppm (Fig. 7) . A significant increase in the intensity of resonances centered observed; moreover, the major peak of PVC 29.79 ppm (CH 2 )n has decreased and resulted in more smallest chain fragment. However, the 13 C NMR spectra did not show any signals for starch component, reflecting that it is a surface filler and not detected in the 13 C spectra as earlier reported (Tikuisis et al. 1993 ). That effect was more pronounced in the treated starch blended PVC film confirming the biodegradability of the polymer films (Fig. 8) . Hoshino et al. (2002) also reported decrease in the intensity and chemical shifting of the signals/peaks in molecular structure of biodegradable plastics during degradation in soils by NMR.
The proton NMR spectra of PVC starch blends also showed the change in the polymer structure due to biodegradation. The signal region for aliphatic protons (-CH 2 -CH-Cl) for (-CH 2 -CH-Cl) was 1.0-5.0 ppm. The total integration of the region for the control sample 0.3-3.1 ppm was 40.69 ppm, while for the treated sample integration was increased to 42.89 in the same region. That increase in integration also confirmed the change due to fungal degradation. That increase in integration clearly indicated that during the process, some of the protons have been exhausted as earlier reported (Llauro-Darricades et al. 1989; Hoshino et al. 2002) .
Conclusion
The fungal strain P. chrysosporium PV1 showing adherence on the starch blended PVC film surface was able, in adequate conditions, to not only change the polymer surface from smoother to rougher, but also to disrupt the starch blended PVC films. Blending of polymer with additives generally enhances auto-oxidation, reduces the molecular weight of the polymer and makes it easier for microorganisms to degrade the low molecular weight materials The analytical tools like SEM, GPC, FTIR and NMR proved to be important in explaining very small alterations (surface change, decrease in molecular weight and change in chemical structure) involved during the biodegradability of the synthetic polymer. Our better understanding on the biodegradability of the plastics will contribute towards efficient plastic waste treatment.
